During gastrulation and early organogenesis, Lim1 is expressed in the visceral endoderm, the anterior mesendoderm, and the lateral mesoderm that comprises the lateral plate and intermediate mesoderm. A previous study has reported that kidneys and gonads are missing in the Lim1 null mutants (W. Shawlot and R. R. Behringer, 1995, Nature 374, 425-430). Results of the present study show that in the early organogenesis stage mutant embryo, the intermediate mesoderm that contains the urogenital precursor tissues is disorganized and displays diminished expression of PAX2 and the Hoxb6-lacZ transgene. When posterior epiblast cells of the Lim1 null mutant embryo were transplanted to the primitive streak of wild-type host embryos, they were able to colonize the lateral plate and intermediate mesoderm of the host, suggesting that Lim1 activity is not essential for the allocation of epiblast cells to these mesodermal lineages. However, most of the mutant cells that colonized the lateral and intermediate mesoderm of the host embryo did not express the Hoxb6-lacZ transgene, except for some cells that were derived from the distal part of the posterior epiblast. Lim1 activity may therefore be required for the full expression of this transgene that normally marks the differentiation of the lateral plate and intermediate mesoderm. FIG. 2. (A-D) The expression of Lim1 lacZ allele in heterozygous (ϩ/lacZ, left) and homozygous (lacZ/lacZ, right) mutant embryos. (A) lacZ expression in the lateral mesoderm (arrows) and the posterior midline tissues of 8.5-day mutant (Lim1 ϩ/lacZ and Lim1 lacZ/lacZ ) embryos. (B) Histological sections showing lacZ expression in the lateral plate mesoderm. The plane of section is shown in (A). (C, D) lacZ expression in 9.5-day Lim1 ϩ/lacZ and Lim1 lacZ/lacZ embryo. lacZ is expressed in the nephrogenic cord of the Lim1 ϩ/lacZ embryo, shown in (C) whole mount and (D) histological section. In the Lim1 lacZ/lacZ embryo, lacZ is expressed in the body wall tissue (arrow in C), the intermediate mesoderm (int), and the posterior segment of the notochord. Histological section (D) shows that lacZ expression in the intermediate mesoderm is associated with the disorganized and degenerate nephrogenic tissues. (E) In the wild-type (wt) 9.5-day embryo, PAX2 is expressed in the entire length of the intermediate mesoderm. In the Lim1 Ϫ/Ϫ mutant, PAX2 expression is significantly diminished in the posterior segment of the intermediate mesoderm. (F-I) Hoxb6-lacZ expression in wild type (wt, left) and Lim1 mutant (Ϫ/Ϫ, right) embryos. (F) Both the wt and the mutant embryos show LacZ expression in the allantois and the lateral body folds. (G) Histological sections show strong Hoxb6-lacZ expression in the lateral plate mesoderm and intermediate mesoderm (bracket) of the wt embryo, but diminished expression in the disorganized intermediate mesoderm in the mutant embryo. (H) Hoxb6-lacZ expression remains strong in the lateral body wall of wt and mutant 10-day embryos. (I) Hoxb6-lacZ expression is found in the nephrogenic cord of the wild-type embryos, but is absent in the intermediate mesoderm of the mutant embryo. Abbreviations: int, intermediate mesoderm; np, nephrogenic cord; nt, neural tube; s, somite; som, somatopleure; spl, splanchnopleure. Scale bar, 200 m (A, B, C, D, E, G) and 50 m (F, H).
INTRODUCTION
The Lim1 (Lhx1) gene encodes a protein containing two tandemly repeated cysteine-rich zinc-finger LIM domains and a homeodomain (HD). The LIM domain in the amino terminus of the protein is involved in protein-protein interactions with the LIM-domain binding protein (LDB1), whereas the carboxyl-terminal region of the LIM-HD protein may be involved in the transcriptional regulation of target genes Dawid et al., 1998) . Orthologs of the Lim1 gene sharing 85-88% identity in the amino acid sequence have been identified in zebrafish, Xenopus, rat, and mouse (Barnes et al., 1994; Fujii et al., 1994; Toyama et al., 1995; Karavanov et al., 1998) .
In the Xenopus gastrula, Xlim1 is expressed first in the cells of the dorsal blastopore lip and later in the prechordal and axial mesoderm of the embryo (Taira et al., 1992) . In the zebrafish, Lim1 is expressed in cells at the margin of the blastoderm and subsequently in the embryonic shield, the hypoblast, and the axial mesoderm (Toyama et al., 1995) . In the mouse, Lim1 is expressed in the visceral endoderm of the early streak stage gastrula (Fig. 1A) . In the mid-streak gastrula, Lim1 activity is localized in the anterior visceral endoderm and newly formed mesoderm (Fig. 1B; Shawlot and Behringer, 1995; Belo et al., 1997) . By late gastrulation, Lim1 is expressed in the anterior midline mesendoderm and the node (Fig. 1C ; Barnes et al., 1994; Shawlot and Behringer, 1995) . Therefore, common to the three vertebrate gastrulae studied to date, Lim1 activity marks the formation of the anterior axial mesoderm.
Results of gain-of-function tests in Xenopus reveal that Xlim1 activity mediates the patterning of anterior structures. In animal cap assays, a mutant form of Xlim1 can induce neural markers such as NCAM, Otx2, and En2, and the cement gland marker XCG7, for the most anterior structure in the body axis Agulnick et al., 1996) . In conjunction with Xbra, Xlim1 enhances expression of ␣-actin (a muscle marker) and induces posterior neural genes such as Krox20 and Hoxb9 (Taira et al., , 1997 . When expressed ectopically in the Xenopus embryo, a mutant form of Xlim1 can also induce a secondary axis . The induction of secondary axes and the expression of anterior neural genes, cement gland markers, and organizer-specific genes (e.g., gsc and chd) can also be achieved by coexpressing the wild-type Xlim1 and Ldb1 genes (Agulnick et al., 1996) . In the mouse, the loss of Lim1 function results in the failure to form craniofacial structures and the truncation of the neural axis at the upper hindbrain level (Shawlot and Behringer, 1995) . Analysis of the tissue potency in chimeras derived from Lim1 mutant embryonic stem cells has shown that the formation of normal head structures requires Lim1 activity in both the visceral endoderm and the primitive streak-derived mesendoderm . The anterior defect is therefore consistent with the phenotype that can be predicted from Lim1 expression in the anterior visceral endoderm and the anterior mesendoderm.
In addition to the expression in axial mesendoderm tissues, Lim1 is also expressed in other tissues. In Xenopus, Xlim1 is expressed in the brain, kidney, and eye of the tadpole and adult (Taira et al., 1992) . In the rat, Lim1 is expressed in the tubules and ducts of the mesonephros and the ureteric bud of the 13.5-day fetus (Karavanov et al., 1998) . During gastrulation of the mouse, Lim1 is expressed in the primitive streak and the newly formed mesoderm ( Fig. 1B) . Fate-mapping studies have revealed that cells in the Lim1-expressing mesodermal germ layer are fated for the extraembryonic mesoderm and the lateral mesoderm that comprises the lateral plate and intermediate mesoderm (Parameswaran and Tam, 1995; Kinder et al., 1999) . During early organogenesis, Lim1 is expressed first in the precursors of the lateral mesoderm ( Fig. 1D ) and subsequently in the nephric ducts in the intermediate mesoderm (Barnes et al., 1994; Fujii et al., 1994; Figs. 2A and 2B) . Lim1 activity therefore heralds the formation of posterior and lateral mesodermal tissues during gastrulation and later accompanies the differentiation of the urogenital structures. Studies of the action of Lim1 during embryogenesis have so far focused mainly on its functional requirement for the formation of anterior (head) structures. In addition to the truncation of the anterior axis, kidneys and gonads are missing in the Lim1 null mutants (Shawlot and Behringer, 1995) . Since Lim1 expression during early gastrulation coincides with the allocation of epiblast cells to the lateral plate and intermediate mesoderm (Kinder et al., 1999) , it is likely that the loss of Lim1 activity at this stage might disrupt the specification of these lineages. However, it is equally plausible that the agenesis of the urogenital structures reveals a critical requirement of Lim1 activity not for the initiation but the subsequent differentiation of the nephrogenic mesoderm and the urogenital ridges.
In the present study, we have investigated the early differentiation of the intermediate mesoderm by assessing the expression of Lim1, PAX2, and a lateral mesodermspecific transgene during early organogenesis. We have also investigated the developmental potency of cells in the posterior epiblast of the Lim1 mutant gastrula. The mutant cells were assessed for their ability to colonize and differentiate to lateral plate and intermediate mesoderm following transplantation into wild-type host embryos.
MATERIALS AND METHODS

Transgenic and Mutant Mice
Lim1 mutant mice. Mice carrying two different mutations of Lim1 were used in this study. The first type of mutant mice was generated by replacing the entire coding region of the gene with a neomycin cassette (Shawlot and Behringer, 1995) . Mating of heterozygous Lim1 ϩ/Ϫ mice produced wild-type (Lim1 ϩ/ϩ ), heterozygous (Lim1 ϩ/Ϫ ), and mutant (Lim1 Ϫ/Ϫ ) embryos. The second type was produced by replacing the entire Lim1-coding region with a lacZ-neo cassette, thereby creating a null allele whose transcription can be assessed by the expression of ␤-galactosidase (A. Kania and T. Jessell, unpublished; Shawlot et al., 1999) . Mating of heterozygous Lim1 ϩ/lacZ mice produced wild-type (Lim1 ϩ/ϩ ), heterozygous (Lim1 ϩ/lacZ ), and mutant (Lim lacZ /lacZ ) embryos. Lim1 ϩ/lacZ and Lim lacZ /lacZ mutant embryos can be distinguished from the wild-type littermates by the positive X-gal histochemical staining reaction.
Hoxb6-lacZ transgenic mice. These mice carry a lacZ transgene coupled to the lateral plate mesoderm enhancer element (a tandem repeat of the 0.9-kb minimal enhancer region) of the Hoxb6 gene (Becker et al., 1996) , which is expressed in the lateral plate and intermediate mesoderm of the early somite stage embryo.
HMG-lacZ transgenic mice. These mice were produced by the integration of a transgene construct containing the promoter sequence of the mouse hydroxylmethylglutaryl (HMG) coenzyme A reductase gene and the nuclear localization sequence of the SV40 T antigen (Tam and Tan, 1992) . The lacZ transgene is expressed ubiquitously in embryonic tissues during development.
B5/EGFP transgenic mice. These mice express the EGFP transgene widely in the embryonic tissues under the regulation of the chicken ␤-actin promoter and the CMV enhancer (Hadjantonakis et al., 1998) .
Lim1 lacZ and Hoxb6-lacZ Activity in Lim1 Mutant Embryos
Expression of the Lim1 lacZ allele and the Hoxb6-lacZ transgene in the Lim1 mutant embryo was examined to reveal if the early differentiation of lateral plate and intermediate mesodermal tissues is affected by the loss of Lim1 function.
Mutant embryos expressing the Lim1 lacZ allele were obtained by mating Lim1 lacZ /ϩ mice. Both Lim1 ϩ/lacZ and Lim1 lacZ/lacZ embryos were used for assessing Lim1 activity at early organogenesis. To generate Lim1 mutant embryos carrying the Hoxb6-lacZ transgene, hemizygous Hoxb6-lacZ transgenic mice were mated with Lim1 ϩ/Ϫ mutant mice. Brother-sister mating of F1 offspring, of the Hoxb6-lacZ;Lim1 ϩ/Ϫ genotype, produced F2 embryos of Hoxb6-lacZ; Lim1 Ϫ/Ϫ genotype.
Early somite (8.5 day) and forelimb-bud (9.5 day) stage embryos were collected from pregnant female Lim1 ϩ/lacZ and Hoxb6-lacZ; Lim1 ϩ/Ϫ mice mated to male mice of the same genotype, respectively. Yolk sacs were removed for genotyping. The genotypes of the mice and embryos were determined by PCR analysis for the Lim1 locus (see later section) and by X-gal histochemistry for the lacZ transgene. Embryos were fixed for 10 min in 4% paraformaldehyde, stained with X-gal reagent to detect lacZ reporter activity, embedded in paraffin, and sectioned at 8 m. Sections were counterstained in Nuclear Fast red and mounted in Canada Balsam.
PAX2 Expression in Lim1 ؊/؊ Embryos
Embryos at 9.5 days were fixed overnight at 4°C in 4:1 v/v mixture of methanol:DMSO. The embryos were bleached in fixative containing 5% H 2 O 2 at room temperature for 4 h and hydrated through a graded methanol series (95, 80, 60, 30%, PBS) for 30 min each. They were then washed twice for 30 min each in PBSMT (PBS ϩ 0.5% Triton, 2% dry milk). Embryos were then incubated with the PAX2 antibody at 1:750 dilution overnight at 4°C in PBSMT, washed 5 ϫ 1 h each with PBSMT and incubated overnight at 4°C with a goat anti-rabbit peroxidase antibody (at 1:2000 dilution). After incubation, embryos were washed 5 ϫ 1 h with PBSMT, rinsed for 5 min in PBS ϩ 0.5% Triton ϩ 2% BSA (PBSTB) and incubated in PBSTB with 0.3 mg/ml diaminobenzidine and 0.03% H 2 O 2 for 30 min. Staining was stopped by washing the embryos with PBSTB.
Cell Transplantation Experiments
Pattern of tissue colonization. Lim1 ϩ/Ϫ mutant mice (Shawlot and Behringer, 1995) were mated with the HMG-lacZ transgenic mice (Tam and Tan, 1992) to generate Lim1 ϩ/Ϫ ;HMG-lacZ mice. Further sibling breeding of the Lim1 ϩ/Ϫ ;HMG-lacZ mice produced embryos that were transgenic for lacZ and of Lim1 ϩ/ϩ , Lim1 ϩ/Ϫ , or Lim1 Ϫ/Ϫ genotype. Cells were isolated from these embryos for transplantation experiments 1-6 (Table 1) to test the impact of Lim1 mutation on the pattern of tissue colonization Embryos at the late streak to early bud stage (Downs and Davies, 1993) were collected from female pregnant mice at 7.5 days postcoitum. Tissue fragments adjacent to the posterior (P), middle (M), and anterior (A) segments of the primitive streak ( Fig. 1E ), which correspond respectively to the proximal, middle, and distal germ layers on the posterior side of the gastrula, were dissected from the wild-type or Lim1 ϩ/Ϫ donor embryos. The three tissue fragments were further dissected to remove the endoderm and mesoderm and the remaining epiblast tissue was dissociated into clumps of 10 -20 cells. For the Lim1 Ϫ/Ϫ donor embryo ( Fig. 1F ), epiblast cells were isolated from regions in the posterior germ layers that were geographically equivalent to the A, M, and P sites of the wild-type and Lim ϩ/Ϫ donor embryos. The donor cells were transplanted to one of three sites in the primitive streak (sites PS, MS, AS; Fig. 1G ) of the wild-type late streak to early -bud stage ARC/s strain embryo.
After transplantation, host embryos were cultured in vitro in DR75 medium under 5% CO 2, 5% O 2 , 90% N 2 at 37°C in rolling bottles for 24 -26 h (Sturm and Tam, 1993) . After culture, embryos were fixed in 4% paraformaldehyde and stained overnight in X-gal staining reagent to reveal the graft-derived lacZ-expressing cells. After being scored for the distribution of the X-gal-positive cells in the host tissues, specimens were fixed overnight in 4% paraformaldehyde and processed for wax histology. Serial 8-m sections were counterstained with Nuclear Fast red and mounted in Canada Balsam. The number and location of X-gal-positive cells in different host tissues were scored.
Testing the ability of Lim1 ؊/؊ cells to express the Hoxb6-lacZ transgene. Cells taken from the M and A regions of the wild-type, Lim1 ϩ/Ϫ , and Lim1 Ϫ/Ϫ embryos were transplanted to either AS or MS sites (Table 1) to assess the expression of the Hoxb6-lacZ reporter in cells that colonized the lateral plate and intermediate mesoderm. Donor embryos for these transplantation experiments were obtained from mice derived by various crosses of mutant and transgenic strains ( Table 1) . Embryos of the HMG-lacZ mice were used for experiments 7-10 to track the distribution of the descendants of A and M cells ( Table 1) . Embryos of Hoxb6-lacZ mice were used for experiments 11-14 (Table 1) to test if wild-type cells that colonize the lateral plate and intermediate mesoderm of the host may express the transgene when they colonize. To investigate the effect of the Lim1 mutation on the expression of the Hoxb6-lacZ transgene, Hoxb6-lacZ;Lim1 Ϫ/Ϫ cells were transplanted to host embryos in experiments 15-21 (Table 1) . To distinguish if a negative outcome of experiments 15-21 is due to the lack of colonization of mutant cells to the lateral plate and intermediate mesoderm or the inability to express the transgene, similar grafting experiments were conducted using a non-lacZ cell marker such as GFP so that the localization of the cells in the host tissues can be examined in parallel with the expression of the Hoxb6-lacZ transgene. The following crosses were performed to obtain the donor cells for these experiments (transplantations 22 to 24; Table 1 ). Hoxb6-lacZ;Lim1 ϩ/Ϫ mice were crossed to B5/EGFP transgenic mice (Hadjantonakis et al., 1998) to produce F1 mice that were transgenic for both Hoxb6-lacZ and EGFP and heterozygous for the mutant Lim1 allele. The F1 mice of the Hoxb6-lacZ;Lim1 ϩ/Ϫ ;GFP genotype were then mated among themselves to produce Lim1 ϩ/ϩ , Lim1 ϩ/Ϫ , and Lim1 Ϫ/Ϫ embryos. Every cell of these embryos will express the EGFP transgene, but only those that have differentiated into lateral plate and intermediate mesoderm may express the Hoxb6-lacZ marker. These embryos were used as donors of cells for experiments 22-24 (Table 1 ). The distribution of the graft-derived cells was visualized by fluorescence microscopy and the activity of the Hoxb6-lacZ transgene was revealed by X-gal histochemistry.
Genotyping the Embryo
Tissues of donor embryos that were left after cells were isolated for transplantation were cultured with the host embryos and collected at the end of the experiment for genotyping. For other studies on gene expression, the yolk sac of the embryo was used. Multiplex PCR was performed to detect the neo sequence and endogenous Lim1 gene, using the following primers: neoF1, 5Ј gat gga ttg cac gca ggt tct 3Ј; neoR1, 5Ј agg tag ccg gat caa gcg tat 3Ј; 17176, 5Ј cgt ccc aac tca cta cta gaa acc g 3Ј; and 17174, 5Ј ctg tca gaa gta aaa gtg cat ctg c 3Ј. NeoF1 and neoR1 primers amplify a region within the neo cassette and primers 17176 and 17174 amplify a region of the endogenous Lim1 gene. One hundred nanograms of each primer was used in each reaction mix using the Promega Core System (Promega). Cycle parameters were 94°C for 5 min, 1 cycle; 94°C for 1 min, 55°C for 2 min, 72°C for 1 min, 30 cycles; and 72°C for 10 min, 1 cycle.
A similar PCR protocol of Lim1 genotyping was used for embryos obtained from Hoxb6-lacZ;Lim1 mutant mice. In addition, PCR was performed to determine the LacZ genotype. To monitor the consistency of the PCR procedure, a housekeeping gene, Rap, was also amplified. Primers for the LacZ gene were LacA, 5Ј gca tcg agc tgg gta ata agg gtt ggc cat 3Ј, and LacB, 5Ј gac acc aga cca act ggt aat ggt agc gac 3Ј. Primers for the Rap gene were RapA, 5Ј agc ttc tca ttg ctg cgc gcc agg ttc agg 3Ј, and RapB, 5Ј agg act ggg tgg ctt cca act ccc aga cac 3Ј. One hundred fifty nanograms of each primer was used in each reaction mix of this multiplex PCR using the Promega Core System (Promega). Cycle parameters were 95°C for 5 min, 1 cycle; 94°C for 1 min, 55°C for 30 s, 72°C for 1 min, 32 cycles; and 72°C for 10 min, 1 cycle. For the Hoxb6-lacZ;Lim1;GFP embryos, the presence of the GFP protein was determined by fluorescence microscopy with the use of a Leica MZFLIII dissecting microscope equipped with a GFP-2 filter with peak absorbance at 480 nm.
RESULTS
Differentiation of Intermediate Mesoderm Is Disrupted in Lim1 Mutant Embryos
Previous in situ hybridization analysis has shown that Lim1 is expressed in the nascent mesoderm ( Fig. 1B) and in the prospective lateral mesoderm (Fig. 1D ; Shawlot and Behringer, 1995) of the gastrula-stage embryo. In the present study, Lim1 activity was examined during the differentiation of the lateral mesoderm, which comprises the lateral plate and intermediate mesoderm, by tracking the expression of the Lim1 lacZ allele. In the early somite (8.5-day) stage Lim1 ϩ/lacZ embryo, lacZ was expressed in both the somatopleure and the splanchnopleure of the lateral plate meso-derm (Figs. 2A and 2B; ϩ/lacZ, n ϭ 2) and in the notochord and the node ( Fig. 2A and data not shown). In the fore-limb bud (9.5-day) stage embryo, lacZ activity was expressed in the nephrogenic cord (nephric duct and blastema) (Figs. 2C and 2D; ϩ/lacZ, n ϭ 3).
In the 8.5-day Lim1 lacZ /lacZ null mutant embryo, lacZ was expressed more strongly in the somatopleure than in the splanchnopleure (Figs. 2A and 2B; lacZ/lacZ, n ϭ 1). In the 9.5-day Lim1 lacZ/lacZ mutant embryos (n ϭ 2), the nephrogenic cord was generally poorly formed or partially degenerated. In the midtrunk segment, lacZ activity was expressed in clusters of necrotic cells in the intermediate mesoderm ( Fig. 2D ) and in the rudimentary nephric duct (data not shown). Lim1 lacZ activity was absent in more caudal regions of the intermediate mesoderm ( Fig. 2C; lacZ/lacZ) .
We next examined the expression of PAX2 in the intermediate mesoderm. In wild-type embryos, PAX2 protein is localized in the nephric ducts and the mesenchyme in the urogenital ridge ( Fig. 2E wt; Dressler et al., 1990) . In Lim1 Ϫ/Ϫ mutant embryos, PAX2 protein was detected only in a short segment of this tissue in the upper abdominal region and was absent in the rest of the intermediate mesoderm ( Fig. 2E, Ϫ/Ϫ) . The loss of Lim1 activity therefore results in the defective differentiation of the urogenital tissues.
In view of the reduced expression of Lim1 lacZ in the splanchnopleure of the 8.5-day null mutant embryo ( Figs.  2A and 2B) , we examined the expression of the Hoxb6-lacZ transgene in the derivatives of the lateral mesoderm. In the wild-type early somite stage embryos, Hoxb6-lacZ was expressed strongly in the tissues of the lateral body folds (Fig. 2F, wt ; Becker et al., 1996) . Lim1 Ϫ/Ϫ mutant embryos that displayed severely deficient head development also expressed Hoxb6-lacZ activity in the lateral body folds (Fig.  2F , Ϫ/Ϫ). However, histological examination of the mutant embryo revealed that the prospective intermediate mesoderm lacked the compact mesothelial architecture and displayed a weaker Hoxb6-lacZ activity. The lateral plate mesoderm seemed to maintain a normal level of transgenic activity despite the absence of Lim1 activity (Fig. 2G) . In both the 9.5-day wild-type and mutant embryos, Hoxb6-lacZ activity was maintained in the lateral body wall tissues (Fig. 2H, wt and Ϫ/Ϫ). Histological examination of Lim1 Ϫ/Ϫ embryos showed that nephrogenic tissues in the intermediate mesoderm were disorganized and displayed an evidently weaker Hoxb6-lacZ activity (Fig. 2I, Ϫ/Ϫ) . The expression of the Hoxb6-lacZ transgene, in corroboration with the loss of Lim1 lacZ and PAX2 activity, points to a specific effect of the Lim1 mutation on the differentiation of the intermediate mesoderm.
Lim1 Mutant Cells Respond Differently to Wild-Type Host Environment and Show Altered Patterns of Tissue Colonization
To study if the loss of Lim1 activity may affect the developmental potency of mesodermal progenitors, we Table 1 . Abbreviations: da, dorsal aorta; lpm, lateral plate mesoderm; nt, neural tube; s, somite. Scale bar, 50 m.
tested Lim1 Ϫ/Ϫ mutant epiblast cells for their ability to colonize the host tissues derived from different cell populations in the primitive streak of 7.5-day late streak to early bud stage embryos (Tam and Beddington, 1987; Smith et al., 1994; Kinder et al., 1999) . The experimental strategy was to compare the spectrum of tissues that were colonized by the mutant cells with that by the wild-type and Lim1 ϩ/Ϫ cells after they were transplanted to three different sites in the primitive streak (Table 1 , Grafts 2, 4, and 6). Results of a pilot experiment showed that the patterns of tissue colonization displayed by wild-type and Lim1 ϩ/Ϫ cells were similar and they are therefore referred to collectively as normal cells (Table 1 , Grafts 1, 3, and 5).
Normal region P epiblast cells when grafted to the PS site produced descendants in the lateral mesoderm (Fig. 3A ) and the posterior mesoderm (Table 2, Graft 1). Mutant cells from region P colonized the presomitic mesoderm (Fig. 3E) , the posterior mesoderm (Fig. 3I) , the lateral mesoderm, and, exceptionally, the neural tube (Table 2, Graft 2). However, relatively fewer mutant cells were found in the lateral mesoderm and the primitive streak, but more were found in the yolk sac and allantoic mesoderm (Table 2) .
When mutant cells from region M were transplanted to the MS site of the host embryo, they colonized types of host tissues, such as the posterior mesoderm, presomitic mesoderm, and lateral mesoderm (Figs. 3F, 3G, 3J, and 3K), similar to those of the normal M cells (Figs. 3B and 3C). However, relatively more descendants of the mutant cells than those of normal cells were found in the host somites ( Table 2 , Grafts 3 and 4).
Normal region A cells transplanted to the AS site colonized almost exclusively the somites of the host embryo but were absent from the presomitic and lateral mesoderm ( Fig. 3D; Table 2 , Graft 5). In addition to the somites, cells from region A of the Lim1 Ϫ/Ϫ mutant embryo also colonized the vascular endothelium ( Figs. 3H and 3L) , the presomitic mesoderm (Fig. 3L) , and other tissues such as the neural tube, the notochord, and the lateral mesoderm (Table 2, Graft 6). Thus Lim1 Ϫ/Ϫ region A cells showed a pattern of tissue colonization that is very different from that of normal region A cells and appears to be a combination of the patterns of tissue colonization of epiblast cells in regions A and M of the normal embryo.
Results of these transplantation experiments (Grafts 1-6, Table 2 ) show that Lim1 mutant cells can colonize a more diverse range of host tissues after transplantation to the AS site and they contribute differently to specific tissue types when transplanted to PS and MS sites. These changes in the Note. Figure 1 shows the source of donor tissues and the site of transplantation. pattern of tissue colonization by mutant cells might be due to a different pattern of regionalization of lineage progenitors such that cells with different tissue potency are not localized to their normal sites in the epiblast of the mutant gastrula. Alternatively, the mutation could lead to changes in the response of the epiblast cells to the environmental cues in the primitive streak during allocation to tissue lineages.
Normal Epiblast Cells Can Switch Mesodermal Fates in Accordance with the Site of Transplantation
The different pattern of tissue colonization displayed by the mutant cells after transplantation to the primitive streak suggests that mutant cells in a particular region of the epiblast might have tissue potency different from that of cells found at equivalent sites in the wild-type embryo. A stringent test of the potency of the epiblast cells is to assess the plasticity of cell fate by transplanting these cells to heterotopic sites in the primitive streak. A series of transplantation studies was performed using normal epiblast cells from regions M and A to establish the experimental paradigm for testing the ability of the cells to switch between lateral plate (Lpm) and intermediate mesoderm (Int) and paraxial mesoderm (Pxm) fates (Table 1, Grafts 7-10). Normal region M cells that are marked by the expression of the HMG-lacZ transgene after transplantation to the MS site mainly colonized the Lpm and Int of the host embryo (Table 3A , Graft 7; Fig. 4A ). However, the same type of cells transplanted to the AS site displayed different cell fate and contributed mainly to the Pxm (Fig. 4B) . Most significantly, the graft-derived cells contributed only mini-mally to the Lpm ( Table  3A , Grafts 9 and 10). These results demonstrate that wildtype epiblast cells can switch tissue fate under the influence of the surrounding tissue environment.
Cells That Colonize the Lateral Plate and Intermediate Mesoderm Express the Hoxb6-lacZ Reporter Gene
To examine if the cells that have colonized the Lpm and Int may acquire the appropriate lineage characteristics, they were assayed for the expression of the lateral mesoderm-specific Hoxb6-lacZ transgene (Table 3B, . Region M or A cells that were transplanted to the MS site and colonized the Lpm and Int showed positive Hoxb6-lacZ activity (Figs. 4E and 4G; Table 3B , Grafts 11 and 13). In contrast, region M or A cells that were transplanted to the AS site produced no Hoxb6-lacZ-expressing cells in the host tissues (Figs. 4F and 4H; Table 3B , Grafts 12 and 14). The absence of Hoxb6-lacZexpressing cells is consistent with the previous finding that cells transplanted to the AS site mainly colonize the Pxm and not the Lpm and Int and therefore will not express the Lpm/Int-specific transgene (Table 3A , Grafts 8 and 10). These results show that normal epiblast cells that have colonized the Lpm/Int also express the appropriate lineage-specific molecular characteristics. Note. Abbreviations: NT, neural tube; Ncd, notochord; Crm, cranial mesenchyme; Som, somites; Psm, presomitic mesoderm; Lm, lateral plate and intermediate mesoderm; Pme, mesoderm adjacent to the primitive streak and caudal to the presomitic mesoderm; Vsl, vascular endothelium; PS, primitive streak; All/Ext, allantois and extraembryonic tissue. Significant difference between Grafts 1 vs 2, 3 vs 3, and 5 vs 6 at P Ͻ 0.01 by 2 test. a Embryos were obtained from mating Limlϩ/Ϫ; HMG-lacZ mice.
Loss of Lim1 Activity Diminishes the Plasticity of Mesodermal Differentiation of the Epiblast Cells
We next tested if the mesodermal plasticity displayed by the normal epiblast cells (results of Grafts 7-14) is affected by the loss of Lim1 activity. Cells from regions M and A in the posterior epiblast were obtained from Hoxb6-LacZ; Lim1 ϩ/ϩ and Hoxb6-LacZ;Lim1 ϩ/Ϫ embryos for Grafts 15-18 (Table 1) . The M to MS transplantation of normal (wild type or Lim1 ϩ/Ϫ ) cells produced Hoxb6-lacZ-expressing cells in the Lpm, Int, and primitive streak of the host embryo (Figs. 5A and 5B; Table 3C , Graft 15). Similarly, region A cells transplanted to the MS site also produced descendants expressing the Hoxb6-lacZ reporter in the Lpm and the primitive streak ( Figs. 5C and 5D, Graft 17) . When wildtype or Lim1 ϩ/Ϫ region M or A cells were transplanted to the AS site, no Hoxb6-lacZ-expressing cells were found in any host embryo (Table 3C , Grafts 16 and 18). This lack of Hoxb6-lacZ activity agrees with the finding that cells grafted to the AS site normally do not colonize the Lpm or Int.
Contrary to wild-type or Hoxb6-lacZ;Lim1 ϩ/Ϫ cells, Hoxb6-lacZ;Lim1 Ϫ/Ϫ mutant region M cells transplanted to the MS site ( Fig. 1B) did not produce any Hoxb6-lacZexpresssing descendants (Figs. 5E and 5F; Table 3C, Graft  19) . Similarly, Hoxb6-lacZ;Lim1 Ϫ/Ϫ cells from region A also failed to express the Hoxb6-lacZ reporter after transplantation to the AS site (Graft 20, Fig. 5G ). After the transplantation of mutant region A cells to MS site, 14 of 16 host embryos did not contain any Hoxb6-lacZ-expressing cells (Figs. 5G and 5H; Table 3C , Graft 21).
The absence of Hoxb6-lacZ-expressing cells in Grafts 19 and 20 may reflect the inability of mutant cells to colonize and then differentiate to Lpm and Int. To demonstrate that Hoxb6-lacZ;Lim1 Ϫ/Ϫ cells can indeed colonize the mesodermal tissues but fail to express the Hoxb6-lacZ reporter, Hoxb6-lacZ;GFP;Lim1 Ϫ/Ϫ cells from region M were grafted to the MS or AS site (Table 1 , Grafts 23 and 24). Grafting of mutant cells to the AS site resulted in the colonization of Pxm by GFP-expressing cells but no expression of Hoxb6-lacZ was detected (11 embryos; data not shown). After grafting of mutant cells to the MS site, GFP-positive cells were detected in the Lpm (11 embryos; Fig. 6C ), but no Hoxb6-lacZ-expressing cells were detected (Fig. 6D) . However, wild-type (Hoxb6-lacZ;GFP;Lim1 ϩ/ϩ ) or heterozygous (Hoxb6-lacZ;GFP;Lim ϩ/Ϫ ) cells from region M that were transplanted to the same MS site (Graft 22, Table 1 ) colonized the Lpm and Int mesoderm ( Fig. 6A ) and some were able to express the lineage-specific marker Hoxb6-lacZ reporter (10 of 23 cases, Fig. 6B ).
Collectively, these findings suggest that the majority of cells sampled from regions M and A of the mutant embryo are compromised in their ability to differentiate to Lpm and Int. This may account for the defective differentiation of the urogenital tissues in the Lim1 mutant embryo. However, Hoxb6-lacZ-expressing cells were found in the lateral mesoderm of two host embryos that contained transplanted (Table 3C footnote). This finding raises the possibility that some cells from region A have retained the Lpm/Int potency and may have constituted the source of precursor cells that form the body wall tissues in the intact mutant embryo (Fig. 2) . Results of our transplantation experiments (Table 3 ) provide compelling evidence that Lim1 activity is not required for mutant cells to colonize the Lpm/Int, but is required for the differentiation of the intermediate mesoderm and perhaps lateral plate mesoderm in the chimeric embryo. The requirement for Lim1 activity is likely to be cell autonomous since Lim1 Ϫ/Ϫ epiblast cells are unable to respond to the wild-type host tissue environment that could induce Lpm and Int differentiation.
DISCUSSION
Loss of Lim1 Disrupts the Organization of the Body Plan of the Gastrula
In the present study, the lineage potency of epiblast cells is assessed by their ability to colonize the host embryonic tissues, the plasticity of cell fate, and the expression of lateral mesoderm-specific transgene. The ability of epiblast cells to colonize specific host tissues was tested by transplantation to defined regions of the primitive streak. Our results show that the posterior epiblast cells of the wild-type (Lim1 ϩ/ϩ ) and heterozygous (Lim1 ϩ/Ϫ ) embryos behave like the native cells at the three sites in the primitive streak. For example, cells with the potency to colonize the extraembryonic, lateral mesoderm and posterior mesoderm are found in the posterior half of the primitive streak and those with the potency to colonize somitic mesoderm are found in the anterior segment (Tam and Beddington, 1987; Lawson et al., 1991; Smith et al., 1994; Kinder et al., 1999) . In contrast, cells from similar regions in the posterior epiblast of the Lim1 Ϫ/Ϫ mutant gastrula display a different pattern of tissue colonization. Cells from the most posterior region of the epiblast colonize primarily the posterior paraxial mesoderm and less so the lateral mesoderm and the primitive streak. Mutant epiblast cells in the distal-posterior region colonize the somitic mesoderm as would be expected of epiblast cells from the same region in the normal embryo. However, mutant cells display a more diverse fate and also colonize the neural plate, notochord, posterior paraxial mesoderm, and endothelial tissues. The mutant cells from region A may have acquired the potency that is characteristic of both posterior and anterior PS, resulting in a broader spectrum of tissue fates. This variation in lineage potency may be correlated with the abnormal regionalization of genetic activity in the Lim1 Ϫ/Ϫ mutant embryo. The expression of three genes (Fgf8, Wnt3, and T) that are normally associated with the primitive streak is restricted to the proximal region and extends distally only to region M in the Lim1 Ϫ/Ϫ gastrula (Kinder et al., 2000) . Two genes (Cer1 and Sox17) which should be localized in the anterior endoderm are expressed in the distal region of the mutant embryo (Shawlot et al., 1998; Kinder et al., 2000) . The abnormal pattern of gene activity suggests that the Lim1 mutant embryo may have developed a foreshortened anterior-posterior embryonic axis. This may lead to the compression of the progenitor cells for posterior mesodermal tissues to the proximal region of the epiblast and displacement of the progenitors of nonmesodermal tissues to the distal epiblast. This alteration in the body plan may account for the pattern of tissue colonization shown by mutant epiblast cells in the present study.
Lim1 Deficiency Affects the Differentiation of Epiblast Cells to Lateral Plate and Intermediate Mesoderm
The present analysis of the Lim1 Ϫ/Ϫ mutant embryo has revealed that differentiation of the intermediate mesoderm is disrupted by the loss of Lim1 activity. In the Lim1 Ϫ/Ϫ mutant embryo, some rudimentary urogenital structures are present in the intermediate mesoderm but the tissues lose PAX2 and Hoxb6-lacZ activity. The transplantation experiments further show that although Lim1 Ϫ/Ϫ mutant cells can colonize the lateral plate and intermediate mesoderm of the host embryo, they are often unable to activate the tissue-specific Hoxb6-lacZ transgene (Table 3B ). These results suggest that Lim1 activity is not critical for the initial establishment of lateral plate and intermediate mesoderm or the morphogenetic movement of the precursor cells during gastrulation and early organogenesis, but is required subsequently for tissue differentiation. Furthermore, the defect in cell differentiation revealed by the cell transplantation experiments shows that the deficiency caused by the mutation is not compensated for by any potential interactions with the wild-type tissue environment. This loss of developmental potency and the reduced PAX2 and Hoxb6-lacZ activity in the intermediate meso-derm at early organogenesis may be the causal factor for the agenesis of the urogenital organs in the few fetuses that survived to term (Shawlot and Behringer, 1995) .
Differentiation of lateral plate mesoderm revealed by Hoxb6-lacZ activity appears unaffected in the intact Lim1 Ϫ/Ϫ mutant embryo (Shawlot and Behringer, 1995, and this study) . However, in the transplantation experiments, although mutant cells from region M can colonize the lateral mesoderm, most of them do not express the Hoxb6-lacZ transgene. This result suggests that mutant cells lack the potency to undergo mesodermal differentiation in the presence of wild-type cells or when they are subject to a novel environmental influence created by cell transplantation. The basis of this discrepancy in the transgenic activity of mutant cells in the intact embryo and the host embryo is The Mesoderm Potency of the Primitive Streak and Associated Epiblast Cells of HMG-lacZ, Hoxb6-lacZ, and Hoxb6-lacZ;Liml Embryos not known. It is possible the transplanted cells that have colonized the host tissue are derived from epiblast cells that lack the potency to differentiate to lateral mesoderm and that the progenitor cells that give rise to the Hoxb6-lacZexpressing lateral mesoderm in the intact mutant embryo may not be localized in the epiblast regions that were tested in the transplantation experiments. Our study has shown that some distal epiblast cells that colonize the lateral plate mesoderm can express the transgene and are thus capable of proper lateral mesoderm differentiation. This may suggest that epiblast cells that possess the ability for lateral mesoderm differentiation are localized more distally (region A) in the epiblast of the Lim1 Ϫ/Ϫ mutant rather than in more lateral and proximal positions (region M) of the wild-type embryo (Lawson et al., 1991; Parameswaran and Tam, 1994; Tam and Behringer, 1997) . This interpretation may be consistent with the notion of the disruption of the body plan caused by the loss of Lim1 function.
Tissue-Specific Roles of Lim1 in Morphogenesis
The present analysis of the impact of the Lim1 mutation on lineage allocation and tissue differentiation of posterior epiblast cells reveals that Lim1 plays multiple roles in the development of both posterior and anterior structures during early embryogenesis. The induction of anterior neural differentiation has been shown to be dependent on the interaction between the anterior mesendoderm and the overlying ectoderm. Lim1 Ϫ/Ϫ mutant cells are able to colonize the anterior mesendoderm but fail to induce neural differentiation of the ectoderm . Our study has shown that Lim1 Ϫ/Ϫ mutant cells are able to colonize the intermediate mesoderm but fail to differentiate properly. However, unlike the non-cell-autonomous effects of the Lim1 mutation in neural induction, the differentiation of intermediate mesoderm requires the cellautonomous action of Lim1 and cannot be compensated for by wild-type tissues. It is not clear how Lim1 activity regulates the differentiation of intermediate mesoderm.
The elucidation of Lim1 regulatory elements and downstream genetic pathways will help to define the role of Lim1 in mesoderm differentiation (Li et al., 1999; Shimono and Behringer, 1999) . Work on the regulation of the Brachyury gene suggests that different regulatory sequences control its expression in axial and nonaxial mesoderm (Clements et al., 1996) . Recently, it was found that Xlim1 contains an activin-response element within the first intron (Rebbert et al., 1997) and the mouse Lim1 gene contains, in its upstream sequence, a number of specific binding sites including those for factors encoded by Hnf3␤ and Pbx1 (Li et al., 1999) . These findings may offer a molecular explanation for the different requirements of Lim1 in mesoderm differentiation and axis patterning. The separate roles of Lim1 in head developments and mesoderm differentiation may be mediated through the utilization of different elements for regulation of gene activity.
